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’ INTRODUCTION
Recent developments in the design and fabrication of semi-
conductor quantum dots (QDs) have allowed access to wide-
ranging applications in computing,1,2 photovoltaics,3,4 photo-
nics,5,6 and energy harvesting and conversion.7,8 For these
applications to be optimally realized, an unprecedentedly high
degree of control over the placement, shape, density or number,
and size of QDs is required.9,10 Detailed knowledge and a
detailed understanding of how the QDs are created and espe-
cially their interactions with the local environment are therefore
essential to achieving this high level of control on an otherwise
random growth process. To date, QDs have been created largely
using “self-assembly” techniques, i.e., through random, nonlitho-
graphically controlled nucleation and growth.11,12 A large en-
semble of randomly distributed QDs is acceptable for the
fabrication of QD laser and nanocrystal memory devices, but
not appropriate for creating novel single-QD devices such as
single-photon sources or single-electron devices. These devices
require strict control, not only of the number and lateral location
of the QDs but also of the tunnel junctions formed with them. In
addition, from a device fabrication perspective, making electrical
contacts to specific nanoscale QDs presents a major challenge.
The “holy grail” for device manufacturers is therefore to achieve
precise control and repeatable growth of these structures with
predictable electronic, optical, and thermal properties and beha-
vior. The most promising approach for the precise control of the
location and number of QDs appears to be the growth and
fabrication of QDs on patterned substrates.1315 Among the
possible choices of materials for QDs, Ge-based QDs are
particularly attractive because they exhibit considerable quantum
confinement effects, which are much stronger than those of their
counterpart Si QDs16 because of Ge’s higher dielectric constant
and lower carrier effective mass leading to a larger exciton Bohr
radius. Thus, in principle, the electronic structure around the
band gap of Ge QDs should be more easily modified than for Si
QDs, making them attractive for use in advanced optoelectronics
applications. Also, from a fabrication perspective, the current
techniques for Si QD fabrication suffer from the disadvantage
that they are not generally compatible with established Si device
processing technology.
We have developed a novel, complementary metal oxide
semiconductor (CMOS) compatible approach for the genera-
tion of Ge QDs through the selective thermal oxidation of SiGe-on-
insulator layers. Ge QDs have been fabricated on oxide, nitride,
or oxynitride substrates. We have successfully demonstrated
several capabilities, including the ability to grow dense arrays
of Ge QDs by thermal oxidation of planar SiGe-on-insulator
layers,17,18 as well as the precise placement19 and size control of
Ge QDs within nanopatterned structures being reported in this
paper. We believe that this new capability of precise placement
and size control of Ge QDs on SiO2 and Si3N4 substrates offers
exciting possibilities for generating new classes of quantum
tunneling devices, such as single-electron devices,20 single-
photon light sources (SPSs), and possibly charge quantum bit
devices. In the case of SPSs, for instance, higher efficiencies can
potentially be achieved via the Purcell effect21 of optically
coupling QD emission with nanocavity resonant modes.
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ABSTRACT: Controlled heterogeneous nucleation and
growth of Ge quantum dots (QDs) are demonstrated on
SiO2/Si3N4 substrates by means of a novel fabrication process
of thermally oxidizing nanopatterned SiGe layers. The other-
wise random self-assembly process for QDs is shown to be
strongly influenced by the nanopatterning in determining both
the location and size of theQDs. Ostwald ripening processes are
observed under further annealing at the oxidation temperature.
Both nanopattern oxidation and Ostwald ripening offer addi-
tional mechanisms for lithography for controlling the size and placement of the QDs.
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In this paper, we present a detailed understanding of the
heterogeneous nucleation dynamics and propose a novel Ostwald
ripening mechanism that appears to fit very well the experimental
data for Ge QDs, grown within nanopatterned structures. Our
previous results in ref 19 focused primarily on the experimental
details of the growth and characterization of the QDs within
lithographically patterned polygonal structures. In this paper,
we not only present a unique mechanism for control-
led heterogeneous nucleation but also show that it is consistent
with experimental observations, thereby leading us one step
closer to the ultimate goal of predictable structures created by
design.
’EXPERIMENTAL PROCEDURES
The experimental procedures for fabricating Ge QDs in planar and
within patterned oxide and nitride structures have been described in
detail elsewhere.18,19 In brief, Ge QDs are formed by the selective
thermal oxidation of Si within SiGe-on-insulator layers releasing Ge,
which is subsequently nucleated within the newly formed silicon dioxide
layer, forming QDs. In fact, our previous work18,22 has revealed a novel
“lifting” phenomenon for the formation of the Ge QDs. Instead of a
solely “top-down” oxidation process converting the SiGe layer to SiO2,
we have observed that the oxidation appears to occur as a competition
among top-down, “bottom-up” from the SiGesubstrate interface, and
laterally via grain boundaries within the polycrystalline SiGe layer. We
speculate that the increased disorder at these interfaces is responsible for
the preferential oxidation leading to the precipitation of the Ge at
locations other than the original SiGesubstrate interface.
This investigation has focused on the effects of lithographic
nanopatterning on the dynamics of QD formation. In particular, we
report the influence of size and geometry of nanopatterned, poly-
gonal structures on the subsequent SiGe oxidation and the placement
and sizes of Ge QDs that are generated. First, a buffer layer of Si3N4
followed by a heavily doped poly-Si layer was deposited on top of a Si
substrate. Nanopatterned structures of various geometries and sizes
were created using a combination of electron-beam lithography and
SF6/C4F8 plasma etching. After the nanopatterning step, a “spacer”
bilayer of SiO2/Si3N4 was deposited followed by the deposition of a
bilayer of poly-Si0.89Ge0.11/Si (6 nm/300 nm) whose thickness was
reduced to 3035 nm by a direct etch-back process. To prevent the
evaporation of Ge during the final, high-temperature oxidation
process, a thin SiO2 capping layer was deposited (Figure 2a). Lastly,
thermal oxidation was performed at 900 C in a H2 (4.2 slm)/O2
(3 slm) ambient mixture for 30 min for generating the Ge QDs. The
structural properties of Ge QDs, such as size, shape, and distribution,
were analyzed using high-resolution transmission electron micro-
scopy (HRTEM). Our fabrication approach separates Ge QDs from
adjacent heavily doped poly-Si electrodes by means of SiO2/Si3N4
spacers in a self-aligned manner, and consequently, the deposited
spacer directly determines the tunneling paths between the QDs and
the Si electrodes.
Figure 1. GeQDs formed by thermally oxidizing a 10 nm thick poly-Si0.85Ge0.15-on-SiO2 “planar” layer at 900 C for (a) 10 and (b) 50min. The volume
expansion due to thermal oxidation results in each 10 nm thick SiGe layer ultimately generating a 2530 nm thick SiO2 layer containing embedded Ge
QDs. The arrows denote the positions of QDs. The longer duration oxidation provides the thermal energy for further increases in the size of GeQDs and
improvement of the crystallinity. Samples were capped with a Si3N4 layer for surface protection during the preparation of specimens for TEM and better
observation.
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’RESULTS AND DISCUSSION
For the case of planar, unpatterned SiGe-on-SiO2 layers, we
have experimentally observed randomly distributed, dense arrays
of Ge QDs formed by thermally oxidizing the Si1xGex
layers.18,19 The average Ge QD size appears to be inversely
dependent on the Ge content of the SiGe layer and decreases
from 8.9 ( 3.5 nm, through 6.1 ( 2.0 nm to 3.5 ( 1.0 nm as
the Ge content of the 10 nm thick Si1xGex layer increases from
x = 0.05, through x = 0.1 to x = 0.15, respectively.17 This suggests
that with an increasing level of Ge release during the oxidation of
Si1xGex layers with higher Ge contents, there is a stronger drive
to higher nucleation density, akin to higher, concentration-driven
precipitation densities in solutions subjected to higher levels of
undercooling from an equilibrium solution temperature.
The formation of Ge QDs by thermally oxidizing the poly-
SiGe layer involves the preferential oxidation of Si and the
segregation of the released Ge to be incorporated within the
as-yet-unoxidized SiGe regions. Thus, the Ge QDs are ultimately
formed by a progressive “concentration” of theGe content within
the remaining, unoxidized SiGe grains until the Si is entirely used
up, leaving the Ge QDs embedded within the newly formed SiO2
layer.17 Another interesting aspect is the effect of a longer
duration thermal exposure on the size and crystallinity of the
Ge QDs. When a 10 nm thick poly-Si0.85Ge0.15 planar layer is
thermally oxidized at 900 C for 10min, as expected, the GeQDs
in SiO2 appear to inherit their crystal orientation from the
original poly-SiGe grains. Cross-sectional transmission electron
microscopy (TEM) images shown in Figure 1 reveal that
increasing the thermal oxidation time from 10 to 50 min not
only appears to facilitate an Ostwald ripening process,23 i.e.,
larger nuclei growing at the expense of smaller, unstable nuclei,
but also has an annealing effect by improving the crystallinity of
the Ge QDs making the transition from the amorphous phase,
through the polycrystalline phase to the single crystalline phase.
There appears to be a distinct difference between the sizes of
the smallest QDs formed within unpatterned and nanopatterned
cavity samples. The smallest nuclei are approximately 3 nm in
diameter for the case of unpatterned SiGe, whereas no QDs are
observed below 7 nm size for patterned cavity SiGe layers, as
shown in Figure 2. One explanation could be that the constraints
exerted by the capping SiO2 layer on the growing Ge QDs could
be stronger in the unpatterned SiGe layers than in the patterned
cavity layers, leading to stable nuclei with smaller critical radii
being formed in the unpatterned layers. Another interesting
aspect of the nanopatterned SiGe layers is that after oxidation,
the nuclei appeared to form generally within 1216 nm from the
edge of the cavity, leaving the central portion of the cavity “clear”,
as shown in Figure 2. The desire to form nuclei close to the edges
of the patterns could be driven by a combination of the compet-
ing silicon oxidation processes mentioned above (i.e., top-down,
bottom-up from the SiGesubstrate interface, and laterally from
the edges of the cavity and via grain boundaries within the
polycrystalline SiGe layer). This combined oxidation process
results in an increase in the Ge content of the remaining unoxi-
dized SiGe layer and in generation of QDs that are approximately
1216 nm from the edges of the nanopatterned cavities. An
additional factor facilitating nucleation near the edges of the
nanopatterned cavities could be the higher density of defects
created at these locations during the lithographic patterning and
etching processes. These patterning-induced defects could also
enhance local preferential oxidation and nucleation close to the
edge of the patterns. With regard to the larger sizes for the
heterogeneously nucleated Ge QDs at the cavity edges, we
Figure 2. (a) Schematic diagram of a SiGe cavity before oxidation. TEM images of GeQDs forming along the periphery of (b) a triangle cavity for which
L = 153 nm, a square cavity for which (c) L = 110 nm and (d) L = 76 nm, and a pentagonal cavity for which (e) L = 70 nm and (f) L = 60 nm. Note that
QDs formed at the corners are, in general, larger than those found on the periphery.
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believe that the SiO2 at the pattern edges is able to better
accommodate the increased level of deformation caused by the
larger Ge nuclei. Further support for this line of reasoning is
provided by the experimental observations of QDs at the corners
of triangle cavities being, in general, larger (912 nm) than those
along the peripheries (78 nm), as shown in Figure 2b. A similar
corner-dependent larger size of GeQDswas also observed within
square and pentagonal cavities as shown in Figure 2cf.
Promising results pointing to achieving the ultimate ability to
precisely control QD size and location were obtained on nano-
patterned polygonal cavities with side lengths in the range of
3040 nm (or an inscribed circle radius of <16 nm). In each of
these cavities, only one nucleus was observed, as shown in panels
a and b of Figure 3. It is most likely that the net supply of Ge
within these small cavities, being limited, would allow only one
critical nucleus to develop. With respect to the QD location, it is
indeed a fortunate consequence that because of the nature of the
competing oxidation processes, the QD location appears to be
“self-aligned” with the center of the nanopatterned cavity!
For slightly larger cavities (e.g., a triangular cavity for which
L = 66 nm or a pentagonal cavity for which L = 34 nm), upon
further annealing at 900 C for 510 min, we have also observed
an Ostwald ripening-type phenomenon whereby some nuclei
with larger radii (1228 nm) have been observed (see Figure 3c,d),
indicating that the temperature and kinetics are conducive for the
coarsening of QD sizes. In essence, the Ostwald ripening effect is an
additional process that can be effectively utilized to control QD size
and location.
The experimental results described above are consistent with
our estimates of a critical nucleus size range of 710.5 nm for
the Ge QDs formed within nanopatterned cavities, assuming a
constant Ge content before and after thermal oxidation. The
estimated minimal side lengths for forming a single QD within
triangular, square, and pentagonal geometries are 2546,
16.530.3, and 12.623.1 nm, respectively, corresponding to
inscribed circle radii (r) of 7.313.3, 8.315.1, and 8.7
15.9 nm, respectively. Similarly, the smallest side lengths for
forming 10.5 nm QDs at the edges (i.e., at least one QD at each
corner) of triangular, square, and pentagonal cavities are 80, 61,
and 52 nm, respectively, corresponding to r values of 23, 30.3,
and 35.5 nm, respectively. Indeed, we have also experimentally
observed triangular cavities with lengths of 24 nm (r = 7 nm) in
which noQD is formed due to insufficient Ge supply, as shown in
Figure 4, and lending credence to our estimate of 7 nm for the
critical radius.
’CONCLUSIONS
We have investigated the unique dynamics of Ge QD forma-
tion within nanopatterned cavities through the novel process of
thermally oxidizing polycrystalline SiGe layers. We have success-
fully demonstrated that precise control of the location and size of
the self-assembled Ge QDs is possible via exploitation of the
nature of the heterogeneous nucleation process as well as the
associated Ostwald ripening phenomenon. We expect that
successful nanoscale control of Ge QD location and size will
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